
● ✎ ✎ ✎

J“’. ,
r“r“”

_f\—,, .!
.. -.

TECHNICALNOTES<, “’”””i*
NATIONALADVI$ORyCWITTEE FORAERONAUTICS

NO.266

AIR~OILLIFTWITHCHANGINGANGLEOFATTACK

By Elliott G. Reid
LangleyMemorialAeronauticalLaboratory

..

.+ . . .

Washington
September,1927

.-.



NATIONALADVISORYCOMMITTEEI’ORAERONAUTICS~

TECHNICALNOTENO. 266.

AIRFOILLIFTWITHCHANGINGANGLEOFATTACKc

By ElliottG. Reid.

Summary

Testshavebeenmadein theatmosphericwindtunnel

NationalAdvisoryCommitteeforAeronauticstodetermine

.

of the

theef-

fectsofpitchingoscillationsupontheliftofan airfoil.

Ithasbeenfoundthattheliftof an airfoil,whilepitch-

ing,isusuallylessthanthatwhichwouldexistat thesame
.

angleofattackin thestationarycondition,althoughexceptions..
may occurwhentheliftis smallor if theangleof attackis

* beingrapidlyreduced.

It isalsoshownthatthebehaviozof a pitchingairfoil

4 may be qualitativelyexplainedon thebasisofacceptedaerody-

namictheory.

Introduction

As thescienceof aerodynamicsis,as yet,in a stateof

development, ratherthanin oneof refinement,it isnaturalthat

thesteadymotionof wingsthroughtheairhasbeenstudiedex.-,

k tensivelywhiletheessentialsof theacceleratedmotionsremain,

practicallyunlmown.Thenecessityforattackingthelatter
.
2

problenhasbeenfeltforsometime;thenecessityof investi-

—
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gatingtheforceswhichactuponthewingsandtailsurfacesof
●

4 mode~nairplanesduringtherapidmaneuversofwhichtheyare

capable!Ms focusedattentionuponthisfieldof aerodynamics.

Otherexamplesof theunsteadymotionsof airfoilsarefound.in

theautogyro,thehelicopterinhorizontalor glidingflightsthe

featheringbladepropeller.andtheflutterof airplanewings.

Allof theexamplesjustmentionedgiveriseto thesame

questions:(a)Aretheinstantaneousairforceswhichactupon

an airfoilwhileitsangleof attackis changingequalto those

experienced

“of attack?

exist? The

Dr.Munk,in
.,A al treatment

tionsstated

%y itwhilein rectilinearmotionat thesameangles

(b)If theanswerto (a)is negative,whatdifferences

studyof thisfundamentalproblemwas suggestedby

whosepaper(Reference1) willbe founda theoretic-

(forthewingof infiniteaspectratio)of theques-

above.

The experimentswhichweremade;
nel at Langley MemorialAeronautical

thissuggestion,

by thewriterat

nitenature.In

in theatmosphericwindtun-

Laboratory,as theresultof

wereccmpletedduring1924. An analysi~made

thattimeledonlyto conclusionsof an indefi-

a recentattempttoformulatethetheoryof the

actionof a pitchingairfoil,thefallacyof thefirstanalysis

was discovered;theelementsof thetheoryarepresentedin the
h

discussionin supportof theresultsof thetests.

*

..——
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Tcsts

d To tlytomakedirectmeasurementsof theforcesactingupon

a rotatingairfoilwasconsideredimpracticable,particularly

becauseithadbeendecidedtomaketheairfoilrotateaboutan

axis

ment

mine

wellforwardof itsleadingedge,thusinvolvingdisplace-

rs wellas simplerotation.As themethodusedto deter-

theforceswassomewhatunusual,itwillbe describedin

detail.

Theequation

e~resses

te~mining

ment. To
G

,Q=~ (u

theprincipleofmechanicswhichwasutilizedinde-

theairforceswithoutresortingto directmeasure-

expressthisbasictheoremliterally:theapplication.._

of.thetorqueQ, to a bodyhavinga momentof inertia,1 (fozcc

units) about,theaxisof rotationproducesan angularaccelera- ‘

+ ‘tiotia.

Thetestingapparatusis-=diagrammaticallyillustratedih

Figure1; Figures2 and3 arephotographsof thetunnelinstal-

lation. Thearmon whichthesymmetricalairfoilismuunteziis

freeto rotateabouttheaxis a, (aheavypianowire)and its

motionistransmittedto therecordingmechanimthroughthe

parallelverticalwires b. Theshaft c, whichis actuatedbyk
themotionof theairfoil,carriestherecordingcylinderd.

By movinga pencilalongthecylinderina directionparallel
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to thatof theaxisand
4

at a uniformspeed,theangulardisplace

mentof theairfoilisrecordedona sheetofpaperwhichis

wrappedarountithecylinder.

Themakingof a testconsistedin displacingtheairfoilto

a largeangleof attack,releasingitand recordingtheensuing

heavilydampedoscillationwhichresultedfromtheactionofair

and inertiaforces.

To obtaintheforcesor,to be exact,thetorques,acting

on theairfoil,thedatawerereducedas follows:

A recordwasmeasuredand plotted(ra~iansvs. seconds)to

a largescale.Arithmeticaldifferentiationof thiscurvegave

the coordinatesof thecorrespondingaqgularvelocityvs. time

<M curve. Thepointvalueswerefairedto eliminatetheinacoura–

tiesof differentiationand thesameprocesswas thenapplied

again;theresultingcurverepresentedangularaccelerationVS,
●

time. As themomentof ine:tiaof theoscillatingsystemwas

known,instantaneousvaluescf thetorqueproducedby theaction

of theairforcescouldbe obtainedby theapplicationof equa-

tion (1).

Two othercurveswereobtaiiied forpurposes

They representthevariationsof angleof attack

of analysis.

and rateof

-. changeofangleof attackwithtime. In explanationof this

procedure,thezeaderis remindedthattheanglebetweenthe

cho~dof thewinsandthewinddirectionisnot theangleof
*

attack.As thewingexperiencesdisplacement,as wellas rota-
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tion,theangleofattackis greateror lessthanthegeometric

angleby an amountwhichdependsuponthesignandmagnitudegf

the tangentialvelocity.Theactualangleof attackwascomputed

by vectoriallycompoundingthevelocitycomponentsforpoints

distributedovertheentireoscillation.Arittieticaldifferen-

tiationof thecurveplottedfrcmthesedatagavea curveof

rateof changeof angleof attack(OTIlaerodynaicangularveloc-

ityil)va.tine. Thepointforwhichthetangentialvelocities

werecalculatedwasonelocatedat one-thirdchordbehindthe

leadingedgeof theairfoil.Thispointwas chosenas an ap-

proximationof”thepositionof thecenterofpressureduringos-

cillation.;it isbelieved

matebecausetherotation

camber.

thatthisisa reasonablygoodesti-

of t-hesymmetricalgivesit effective

Theplanformandprofileof theaizfoilusedare illus-

tratedinFigure4. Thedistancebetweentheaxisof rotation

and theleadingedgeof theairfoilwas0.51m (2ft.). The

air speedwas20 m/s (65.6it./sec.).

Supplementary”testsweremadeto determine

ertiaof theoscillatingsystemandthetorques

air forcesat variousanglesof attackwiththe

themomentof in-

troducedby the

wingstationary.

The firstwasaccomplishedby findingtheaccelerationof the .

oscillating~ystemundertheactionof a knowntorque;I was

foundtobe 0.12925kgm% The secondwas doneby restraining

the otherwisefreesystemat variousanglesofattackbymeans

of a springbalance. .



Withregardto thereductionofdata,it ismentionedthat

the effectsof theapparentcambercrmtedby therotationand of

the contributionof thetangentialvelocityto theresu>tantve-

locityuponthearglcofattackandtheairforces,respectively,

havebeendisregardedas bothwerefoundtobeef negligiblema&-

nitude.

Re@ults

Theresultsofa singleoscillationtestarep~esen,tedin

Figures!5-8.Figure5 isa,reproduction,inactualsize,of the

oscillationrecord.InFigure6 arecurvesof 6, theangular

displacement;u, theangularvelocity;and a, theangularac-

celeration,allplottedagainstT thetime,withtheradianas
u theangularunit. Thevariationsof 9\ theactualangleof at-

tackin radians(anddegrees),andof cot,thelraerodynamicangu-

larvelocityl!in radiansper secondwithtimeare illustratedby&
Fiugure7. Thefinalresultsof thetestsarepresentedinFig-

ures8a–8f;thereareshown (a)torquevs.angleof attackfor

the stationarycontition,(b)torquevs.angleof attackfor
~t = 0.0, 0s25, 0.50,and 0,75rat./sec+ and, (c) a

of (a) and (b)A Onlythatportionof theoscillation

‘respondingto timevaluesgreatertfin1.4secondshas
.

composite ‘

curvecor- ~

beenused

for thederivationof thev31UesOf e~,Ut andthefinalre- ,

fiultsofFig~res3a-Sf. Thiswasdonebecauseitappearsthat

* theairfoilswungbeyondtheangleof~naxim~liftat theP~ks
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of tb.efirsttwoarches

It willbe noticed.

plotsof Figures8a.”8f,

Xo.266 7“

of thecurve.

t~t theourvesoccurinpairsin those

forwhichm’is finiteandthatnonega-

tiJcvaluesof 6f arc shown.As a natt,er offact,thedatapoints

rep~esentbothpositiveandnegativeanglesofattack;butall

hELVebeenplottedin thesameqmdraantforth~purposeofmore

clearlydefiningthecurveswhichwould,as theairfoilwas sym-

metrical,be doublemirrorimagesof eachotherin thefirst

thirdquadrants.Suchplottingisalsoadvantageousbecause

willbe oeenlaterthatwe areonlyinterestedinwhether(lJ

numericallyincreasingor decreasing.

A wordof explanationmustbe offeredfortheuse of theun-

conventional=ymbols:Thenotationfollowstheconventionsof

mathematicsandmechanicsand tkeuse of 0,

less confusingthantouse a, & and “& or

to expressthesamequantities,oneof which

be necessaryif theconventionalaerodynamic

0.)and a seems

a, ~ and

latterforms

nomenclature

and

it

is

&dt2
would

hadto

be followed.

Discussion

Beforeenteringupona criti~lexaminationof there~ults,

it wouldbe wellto considerthesignificanceof thequantityQ=

The torqueshouttheaxisof rotationis equalto theproductof
.

thenozmalcomponentof theresultantairforceand thedistance

betwesnitspointof application(thecenterof pressure)andthe
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axis. As theliftis obtainedby multiplicationof thenormal

* forceby thecosineof theangleofattackandas we arecon-

cernedonlywithsmallvaluesof thelatter,theliftat any

angleofattackisalmostexactlyproportionalto thecorrespond-

ingnorfia~force. It isknownthatthecenterof pressuretravel

on thinairfoilsof smallcamberisveryminuteandwhensuch

ttavelis comparedwiththedistaicefromtheaxisof rotation

to the.centerof pressure(approximately+1/3 chords-inthis

cr.se)it isfour.dtobe of negligibleimportance.Hence,the

measuredtorqueisproportionaltotheliftandalthoughthere-

sultsarepresentedin termsof torque,thevariationsof Q

willbe treo.tedas thoughtheywerevariationsof lift. We are

primarilyinterested,of course,in thelatter.
- uponinspectionofF}gure.8,it canbe seenthattheoscil-

latorymotionof theairfoilgivesriseto liftswhicharenot.
equaltothoseof thestationaryairfoilat thesameanglesof.
attack.Theliftsforallangularvelocitiesconsideredare

lessthanthecfirresponding

the staticvaluesarel~st

creaseof e’;intermediate

staticvalues.Thereductionsfrom

forhighvaluesof U1 duringde

for u! = O (whichconditionis

foundonlyat theextremepositionduringan oscillationandis

classifiedas Il@lincreasing“ as thismotionha=precededthe
.

attainmentof 6)r= O);and xreatestforhighvaluesof u’with

e’,increasing.Thedatapointsseem

~traightlineswhichpasEthroughthe

todefinepractically

origin.
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Theresultswillprobablybe,in oneway,

G to thereader.If intuitionwerereliedupon,

expectthatliftsduringincreaseof theangle

9

somewhatsurprising

oneWouldprobably

of attacktobe

lessthanthosecorrespondingto zeroangularvelocity,witha

reverseddeviationinthecaseof decreasinganglesof attack.

However,thereasonforthedifferencesbetweentheliftsof the

stationaryairfoilandthoseobtainedat u’= O duringoscilla-

tionisnotat onceapparent.Thatthisdifferencemighthave

been expectedwillbe shownbelow.

The characterof theoscillatorymotionand,moreparticular-‘

ly, of thevortexsystemcreatedby themotion,isso complex

thata quantitativetheoreticaltreatmentof theproblemwould

involvegreatmatherpaticaldifficulty.It hasbeenfoundpossi–
W ble,however,to deducepurelyqualitativeanswersto theques-

tionsofprimaryinterestagdthewriterwishes-toacknowledge

his indeb,tedndsstoMr.E. N. Jacobs,,oftheLangleyLaboratory

staff,formanyvaluablesuggestionsmadeduringthedevelopment “

of thetheoreticalanalysiswhichfollows.

Itwillclarifytheproblekto considertheairfoilas ro–

‘tatingaboutan axiswithinitself,ratherthanaboutoneat a

considerabledistanceupstream,andthisisjustifiable.The

compoundingofvelocitiesandderivationof thevalues of e’
.

and&)’transform,ineffect,theactualmotionto oneof simple

rotationaboutan axisat on-thirdchord,aftof theleading

* edgeof theairfoil. .
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Itwillbe assumedthatthecirculationaroundthewing <1j

4 duringoscillationisnegligiblydifferentfromthatforthe

stationarywingat thesameValuesof 9’. Thisinfers,of

course,t-hattheKuttahypothesisof

edgeis notmateriallyviolated.It

theverticaivelocityinducedby the

at thewingwhen e!= O. Thefirst

be logicalinviewof therelatively

smoothflowat thetrailing“

willalsobe assumedthat

entirevortexsystemis zero(~)

assumptionis coi~sideredto

smallangularvelocities

attainedin thetests.thesecondassumptionisbaseduponthe

resultsof thetestsandseemstobe reasonablywellborneout

by approximatecalculationsforthisparticularcase.Morewill

be saidlaterof thevalidityof theseassumptions.

Letus take 13’‘=O, withthewingmovingtoward+0’, as
*

a startingpoint. Accordingto ourassumptionstheinstantan~

ousliftisnowzero. Letus considerthevortexsystembehind

. thewingto seehowwellourassumptionsapply. Theangleof

attackis changingalthough (3’= O, thatis, U! isfinite.

AccordingtoPrandtllsexplanationof thecreationandvariation

of lift(Reference2),transversevorticesarebeingdischarged

fromthetrailingedgeof thewingand,becauseof thesenseof

rotationof thewing(toward+er), theircirculationwillhave

a senseoppositeto thatof thecirculationwhichwouldtake.
placearoundthewingwithpositivelift. At thewing,thever- ‘

ticalvelocity
. to the instant

inducedby thesevorticesisdownward.Previous

underconsideration,thelifthasbeennegative.
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Thereforethevorticeswhichtrailaftfromthetipsof theair-

● foilhavezerostrengthat thetimewhen e’= O butare of

finiteandprogressivelygreater strengthas thedistancebehind

thewingincreases.Theverticalvelocityinducedby thesevor-

ticesisupwardat thewing. Oursecondassumptionsimplyamounts

to,thestatementthatthetwocomponentsof inducedverticalV*

locitymust

shownlater

Withregard

neutralizeeachotherwhen 6’= 0. (Itwillbe

thatthisconditiondependsupontheaspectratio.)

to thefirstassumption,thecirculationaroundthe

wingmustchangesignas theliftdoesand thepointof thisre-

versalisputat ~’= O as a firstapproximation.

Now letus turnourattentionto theconditionsexistinga

shorttimelater,saywhen 6’= A. Thewingisat a positive
* angleofattack,thetrailingvorticeshavegrownto finite

. strengthat thewingtipsand thestrengthof thetransverse

. vorticesdischargedperunittimehasbecomeslightlylessthan

it waswhen e’= O. Since,when 0’= O, theliftwaszero,

we haveonlyto considertheeffectsof thevorticesgenerated

betweentheinstantswhen et= O and 6’= A to ascertain

theorderof theliftat thelattercondition.(Bythistreat-

mentwe ignoretheeffectsofallbutthevortexelementswhich

are closeto thewing.)DurZngtheintervalunderconsidera-
.

tiontherehavebeendischargedtransversevorticesof total -

strengtheqml to r~, thecirculationaroundthewingat

● 6! = A. Thesetransversevortices,withthetrailingvortices

. .
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of strengthvaryingfromzeroat thepositionoccupiedby the

wingwhen et= O to I’”at 6’= A,w forma systemof rectan-

~ylarclosedvorticesas showninFigure9. A comparisonof

thevetticalvelocitiesinducedby thisIIladderl’vortexsystem
I (Figure10a)withthos’c”whichwouldekistif thewingweretita-

tionaiyat 0’= A (correspondingvortexpatternshownas Fig-

ure 10b)willdemonstratehowti~cinducedangleof attackand

the liftarcaffected.A simplecalculationshowsthatthe

downwardvelocityinducedat the“liftingline” LL, (Fig.10),

is greaterin a thanin b. It is concludedthen,thatthe

inducedangle,of attackis greaterwhen91 is increasingthan

whent-hewir.gis stationaryat thesameposition.Therefore,

the liftsattainedwhiletheangleof attackis increasingare
“ lessthanthecorrespondingvaluesforthestationar~”condition.

Thisproofisapplicablethrou@outthoincreaseof theangle

of attack..
As theangleofattackbeginsto decrease,

tran~versevorticesur.dergoa reversal.of sense;

thedischarged

i:e.,during

thisphasetheircirculation.isof thesamesen~eas thatabout

thewing,andtheyinduceupwardvelocitieswhichtendto nw-

tralizetke’downwardcomponentsinducedby thetrailingvortices.

The trendof theresultantinducedverticalvelocityis,of
.

tourse, towardzero as 0’ approacheszeroagain. Whilethean-

gle ofattackwas i~crea~ir<.boththelongitudinalandtrans-

● versevorticescontributeddownwaxdvelocitiesat thewing;

..
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now,howm~r,we findthecomponents,ofo~positesign. The re-

sultis thattheinduced.mglesofattackwhilee’.
ingjareless~andtheliftsconsequer.bL-ygrwiter,

whichwerefoundwhilee!inc:eased..AltkGI@not

by Thetestresults,it isnottobe expectedthat

for the

with et

leadto

It

quences

4at once

stat iormry conditionisthelimiz~ngvalue

isdecreas-

thanthose

demonfitrated .

thelift

forthelift

decreasing;a suffficicntlyrapiddecreaseof e’might

a muchhighervalue.

maynowbe interestingto investigatewhattheconse-

wouldbe if thesecondassumptionwereinvalid.It is

apparentthatas theaspectratioof thewingbecomes

greater,allotherconditionsremainingunchanged,thetrailing

vorticesbecomeincapableof neutralizing‘theeffectsof the
.

transversevorticesat 6’= O. Considerationof thewingof

Infinitespanwillempka,sizethispoint.“T“QUS,in thecase*f

s. a verylongwinga-t ef= O, wit-ntheangleofattackincreas-

ing,therewillbe a finitedownwardlyinducedvelocityat the “

wing. Althoughthegeometricangleof attack e* is zero,

the

the

the

effectiveangleofattackwillbe finiteandnegative.As

circulationdependsupontheeffectiveanglerat~erthan

geometricangl,e~a negativecirculationwillexistanda

negativeliftwillresult.Whenwe turnto thewingof very
●

smallspan,therelativeimportanceof thetransversevortices

is lessenedand thelongitudinalonesassumecontrol.Itwould

● seemprobablethen,thatforwingsof verys~iallaspectratios,o
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it would’be possibleto createpasf-t%reliftsqt e’= o ife~

● mere increasingat a rapidrate.

To summarizetheforegoing,itapp-rs that~withallothet

conditionsfixed,as theaspectratioincreases,theliftat

et= o, withEl’increasing,willprogressne~tively;with G: -

decreasing,theliftwillprogresspositively.Obviously,=ii

somefiniteaspectratio,theliftat e’= O willbe zeroand

it seemstkattheproportionsof thewingusedin thesetests

and theratioof wingchordto thepioduc+ofperiodof osoilla-

tiomandveloc~tyof translationweresuchthatthisbalance

conditionwasvezynearlyat%aifiedk

It is recommendedthatthesetestsbe extendedby theuse

of otheraspectratiosandotherperiodsof oscillationat the
. sameairspeed~“~thatused‘herein.

,.../
Testsinwhichundeimp6d

oscillationscouldbe forcedwouldalso

,.<. Conclusions

.L-.

yieldvaluablere&~ts.

The resultsshowthattheinstantaneousliftof a wing, ~

whilepitching,isnoteqtmltotheliftwhichwouldexistif

,thewingwerestationaryat thesame”angleof attack..Thelift

af thepitchingairf@l is shown“tobe lessthanthatof th~

stationaryonealthoughthereversemaybe trueif theliftis
●

smallor iftheangleofattackisdecreasingrapidly-
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thnoscillating
● cvJlainti on the basisofacccptcd

15

vingc~nbc satisfactorily

ac~odynafiictheory.
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